The calcium sensing receptor (CaSR) has emerged as an important mediator of a wide range of Ca 2þ -dependent physiological responses (Ca 2þ signaling) in various tissues. To explore the role of CaSR in the epidermis, we utilised the keratin 14 promoter to express CaSR cDNA constitutively in the basal cells of the stratified squamous epithelium of transgenic mice. Analysis of the transgenic mice revealed that a sensitized response to CaSR signaling accelerates the epidermal differentiation program with the precocious formation of the epidermal permeability barrier (EPB) during development and an accelerated hair growth at birth. Our observations indicate that overexpression of CaSR in the undifferentiated basal cells leads to changes in the differentiation program of the transgenic epidermis, including the stimulation of keratins 1 and 6 as well as the overexpression of several markers of terminal differentiation such as filaggrin, loricrin and involucrin. Our data suggest that the observed modifications in the differentiation pathway are a consequence of a CaSR-induced enhancement of Ca 2þ signaling involving cross-talk with other signaling pathways (e.g. EGF and Wnt/Ca 2þ ). These studies provide new insights into the role of CaSR in epidermal differentiation including EPB development and hair follicle morphogenesis. q
Introduction
Calcium (Ca 2þ ) has been shown to be one of the most effective pro-differentiation agents within the cells of the epidermis Bikle and Pillai, 1993; Dlugosz and Yuspa, 1993; Elias and Feingold, 2001; Yuspa et al., 1989) . In fact, the formation of a Ca 2þ gradient during the development and maintenance of the epidermis has been documented with higher Ca 2þ levels present within the differentiated cell layers (Bikle and Pillai, 1993; Menon et al., 1985) . Epidermal cell response to Ca 2þ includes the commitment of basal cells to terminal differentiation with dramatic morphological and biochemical changes in suprabasal cells as they transit through the layers of the epidermis (Byrne, 1997; Elias and Feingold, 2001; Fuchs, 1993; Fuchs and Raghavan, 2002; Watt, 1989) . Similarly, keratinocytes in vitro are induced to differentiation in response to high Ca 2þ conditions (Hennings et al., 1980a,b; Troy and Turksen, 1999; Tsao et al., 1982; Yuspa et al., 1989) . However, it is still not understood how epidermal cells 'sense' extracellular Ca 2þ levels nor what members of the signal transduction pathway(s) regulate the observed epidermal morphological and biochemical changes in vivo.
The calcium sensing receptor (CaSR), a G-protein coupled receptor (GPCR) that functions in sensing and activating a Ca 2þ signaling pathway in Ca 2þ sensitive tissues such as bone and parathyroid, is emerging as a very strong candidate of Ca 2þ sensing in epidermal differentiation (Brown, 2000; Brown et al., 1993; Brown and MacLeod, 2001; Oda et al., 1998; Ruat et al., 1995; Tu et al., 2001) . However, the role of CaSR in the epidermis has not yet been investigated extensively. To demonstrate the involvement of the CaSR in orchestrating the interactions between the epidermis and the Ca 2þ gradient, we engineered transgenic mice that overexpress CaSR in basal epidermal cells thereby sensitising the cells to Ca 2þ signaling. Our results show that the activation of CaSR signaling causes an accelerated differentiation program in the epidermis of transgenic mice, with the early formation of the epidermal permeability barrier (EPB) and the early appearance of hair.
Results

Generation of transgenic mice overexpressing CaSR in the epidermis
The 2.3 kb 5 0 -flanking element of the human keratin 14 (K14) promoter has previously been shown to be sufficient to drive the expression of a transgene in the basal cells of the epidermis where K14 is normally expressed (Guha et al., 2002; Niemann et al., 2002; Oura et al., 2003; Saitou et al., 1995; Turksen et al., 1992a,b; Vassar and Fuchs, 1991; Vassar et al., 1989) . To explore the role of CaSR in the skin, a construct was designed to overexpress the CaSR under the control of the K14 promoter with a FLAG epitope tag for the facilitated detection of the transgene (Fig. 1A) . Microinjection of the purified K14-FLAG -CaSR construct into fertilised FVB oocytes yielded 10 founders, which harboured the transgene according to RT-PCR analysis with transgene specific primer sets spanning the FLAG sequence to the CaSR (425 bp) ( Fig. 1B and Table 1 ). Transgene expression levels varied amongst the different founder lines, i.e. from 2.7-to 7.3-fold over endogenous CaSR levels (Fig. 1C) , and phenotypic characteristics in all lines were consistent with expression levels. All founders were bred successfully.
CaSR transgene mRNA and protein are expressed in the epidermis
To examine the tissue-specific expression as well as overexpression of the K14 -CaSR transgene, we isolated total RNA from the epidermis of newborn offspring of several founder mice. Using mouse CaSR-specific primers, RT-PCR revealed a 319 bp band diagnostic of mouse CaSR that was amplified from both wild type and transgenic epidermis ( Fig. 1D and Table 1 ); it was estimated that there was a 5-fold increase in the transgene expression of the CaSR over the endogenous expression in the transgenic 'Blue' line, the line from which data are reported in this paper. To demonstrate that the transgene is expressed in transgenic but not wild type epidermis, RT-PCR was also conducted with primers spanning the junction of the FLAG and CaSR sequences to produce a 796 bp band indicative of the transgenic expression of CaSR ( Fig. 1E and Table 1 ). To verify that the expression of transgene protein was specific to the basal cells of the epidermis where the promoter is active, we immunolabeled skin sections with anti-FLAG antibodies that would recognize the CaSR -FLAG transgene; labeling was restricted to the basal layer of the transgenic epidermis as expected (Fig. 1F ).
Accelerated hair follicle development in K14 -CaSR transgenic epidermis
Although the skin of transgenic mice appeared relatively normal at birth, transgenic mice were readily identifiable within a few days of birth by their modestly larger size ( Fig. 2A) with visible hair fibre growth earlier than their wild type counterparts (Fig. 2B -G) . Normally, hair follicle development begins in the embryo at E12.5 with the formation offollicle plugs and continues through birth with the formation of the inner root sheath and the tip of the hair cuticle (Fuchs et al., 2001; Hardy, 1967; McGowan and Coulombe, 1998b; Millar, 2002; Sengel, 1976) . The first emergence of hair fibres occurs 4 days after birth, however, these are fine fibres that are not clearly visible to the naked eye until 6 days of age, when mice exhibit the first visible coat hairs. Therefore, the emergence of prominent coat hair fibres at 4 days of age ten transgenic founders were generated. (B) RT-PCR was used to detect expression of the CaSR transgene using primers spanning the FLAG sequence to the CaSR insert (Table 1) . A 425 bp band was detected in lanes 2 -7 (positive transgenic mice) as well as lane 9 (plasmid DNA control).
There was no detectable expression in lanes 1 (non-transgenic) and 8 (PCR control). (C) RT-PCR was performed to determine levels of transgene expression in different lines; Green (G) line 7.3-fold; Blue (B) line 5.1-fold; Red (R) line 4.1-fold and Yellow (Y) line was 2.7-fold over endogenous levels, (D) RT-PCR was also performed using primers specific for mouse CaSR to identify both the endogenous and exogenous expression of CaSR in the epidermis (319 bp). (E) Further RT-PCR with primers recognizing FLAG and CaSR sequences revealed expression only in the transgenic samples (796 bp). (F) Localisation of the FLAG epitope was visualised by immunohistochemistry with antibody detection specific to the transgenic expression of CaSR in the basal layer in a fashion reminiscent and expected of basal layer proteins.
indicated that the K14-CaSR mice had an accelerated coat formation ( Fig. 2B,C ; for close-ups and comparisons, see Fig. 2D ,E); emerging hair fibres of 7-day-old K14 -CaSR mice were longer and more visible than the hairs of the emerging wild type coat (Fig. 2F,G) . In addition, histological sections from 4-day-old backskin samples indicated that the majority of the hair canals are already established in the transgenic epidermis while there was still no visible hair follicle penetration in the wild type (compare Fig. 3A,B) . Microscopic evaluation and counting revealed no differences in the overall composition of hair types thereby indicating that the process of hair follicle differentiation was enhanced and not modified (i.e. the ratio of auchene: awl: zigzag fibres remained consistent with the wild type, not shown).
Histological changes in the epidermis of K14 -CaSR transgenic mice
Further analysis of backskin sections from 3-day-old mice indicated that the transgenic epidermis is thicker, with more extensive spinous and granular layers in addition to disorganized cells with larger nuclei (compare Fig. 3C,D ; note scale bars) suggesting that the cells of the transgenic epidermis are hypertrophic. In addition, the granular layer features an increase in keratohyalin granules. However, the differences in the overall morphological appearance of the transgenic epidermis appear to be restricted to the early development and juvenile period of the transgenic mice and are not sustained throughout life. This is supported by the comparison of RNA extracted from the epidermis of transgenic and wild-type mice after 1 week and 3 months of age. As suspected, the expression of the CaSR in the transgenic epidermis was reduced to normal levels at 3 months of age ( Fig. 4A ) in conjunction with the loss of FLAG -CaSR expression entirely (Fig. 4B ). Since several founder lines were analysed with the same result, and since it is very unlikely that the transgene was integrated at the same site in all lines, the most likely explanation for this loss of expression with time is the fact that our construct has a large CaSR 3 0 UTR that may contribute to the regulation of CaSR expression. In any case, our findings of accelerated epidermal differentiation and the appearance of hair fibres suggested that, during the initial development of the transgenic epidermis, several steps of epidermal terminal differentiation are accelerated in the transgenic mice.
The overall differentiation program is disrupted in K14 -CaSR transgenic epidermis
Keratins and proteins associated with epidermal differentiation are considered to be reliable biochemical indicators of the integrity of the epithelial differentiation program (Fuchs and Byrne, 1994; Segre et al., 1999; Turksen and Troy, 2002; Vassar et al., 1989) . We therefore stained paraffin sections of transgenic and wild type 6-dayold backskin with anti-keratins and antibodies against markers of late differentiation (Fig. 5 ). In the K14 -CaSR epidermis, we observed that basal cell-specific keratins, K5 and K15 (not shown), were equally expressed within the transgenic and wild-type samples indicating that the overexpression of the CaSR exhibited no effect on the normal basal cell characteristics of the epidermis. Further, K17 [an early marker of epithelial differentiation expressed normally in basal cells of newborn epidermis as well as in hyperproliferative situations such as wound healing (McGowan and Coulombe, 1998b) ] showed no expression in either sample (not shown). However, there was a striking abnormality in the expression of K6/K16 [keratins that are normally expressed only within the outer root sheath of hair follicles unless there is epithelial hyperproliferation (Bernot et al., 2002; McGowan and Coulombe, 1998a) ]. K6 was detected throughout the layers of the transgenic epidermis suggesting that the epidermal cells were possibly in a hyperproliferative state. Staining with the proliferation marker Histone 3 indicated an overall increase in proliferation in the transgenic epidermis as compared to its wildtype counterpart supporting the interpretation of K6 expression. In addition, the expression of the suprabasal differentiation marker K1 (normally expressed in the spinous and granular layers) was increased; reflecting the hyperproliferative state of the epidermis of K14 -CaSR transgenic mice.
Next, several late markers of differentiation were assayed including filaggrin, loricrin, involucrin and transglutaminase. In the transgenic epidermis, there was an increased expression, to varying degrees, of all four markers (Fig. 5) . The most surprising was the drastic increase in filaggrin expression. Further, expression of these markers appeared tightly compacted contributing to the notion that although the localization of expression is normal, the SC of the K14 -CaSR mice is structurally denser than that of the wild type. Therefore the expression of Dlx-3 and Dlx-5 was assessed in the K14 -CaSR epidermis given their involvement in the regulation of the epidermis (Bryan and Morasso, 2000; Luo et al., 2001; Morasso et al., 1995; Morasso et al., 1996; Park et al., 2001; Park and Morasso, 1999; Robinson and Mahon, 1994) and that Dlx3, more specifically, is involved in the regulation of filaggrin expression (Morasso et al., 1996) . RT-PCR analysis of 7-day-old backskin samples indicated that the CaSR epidermis expressed approximately 3-fold higher levels of Dlx-3 and approximately 2-fold more Dlx-5 than the wild-type epidermis (Fig. 6A) . These results suggest that Dlx genes are downstream targets of CaSR signaling and support their role in epithelial differentiation.
We next studied the expression levels of several later markers of differentiation, namely Repetin and small proline-rich proteins (SPRRs; SPRR1A, 1B, 2A, 2B, 2C, 2D, 2G and 3) (Fig. 6B) . Repetin was increased approximately 2-fold in the transgenic epidermis and there were also changes in SPRR expression (molecules known to be involved in the process of cornified envelope [CE] crosslinking). SPRR1A, 2D and 2G were increased in the transgenic epidermis while the expression of SPRR2A was decreased. SPRR1A, in particular was increased approximately 3.5-fold which is of utmost interest given that it has previously been shown to be involved in EPB development (Nemes and Steinert, 1999; Song et al., 1999; Turksen and Troy, 2002) . The expression levels of other SPRRs remained unchanged (SPRR1B, 2B, 2C and 3). Given the regulator/transactivator role of Kruppel-like factor 4 (Klf4) in SPRR expression and its contribution to the observed cascade of changes leading to the enhancement of the CE crosslinking process, Klf4 expression was assessed to determine whether it might play a role in the enhanced SC of the transgenic epidermis. RT-PCR indicated that Klf4 expression levels were upregulated approximately 1.5-fold in transgenic compared to wild-type samples.
Accelerated EPB development in K14 -CaSR transgenic epidermis
Typically, the mouse EPB forms 2 -3 days prior to birth corresponding to the first detection of the SC in the mouse at E17.5 (Aszterbaum et al., 1992; Hardman et al., 1998; Fig. 3 . Histological observations of enhanced epidermal differentiation. (A,B) Histological staining of skin samples in mice at four days of age shows prominent hair follicles penetrating the epidermis in the K14-CaSR transgenic epidermis (marked with black arrows) but not in the wild type epidermis. (C,D) High magnification analysis of 3-day-old backskin from K14-CaSR transgenic mice compared to the wild-type revealed an overall thicker appearance in the epidermis of the transgenic samples (note scale bars). The spinous and granular layers in addition to the overall stratum corneum were expanded within the transgenic samples. Further, the transgenic epidermis exhibited disorganized cells with larger nuclei as well as a modification in the normal pattern of keratohyalin granular cells within the granular layer. Fig. 4 . The overexpression of CaSR is not sustained. RT-PCR analysis was performed with RNA extracted from 1-week-old K14-CaSR transgenic and wild-type mice as compared to their 3-month-old counterparts. As predicted, CaSR expression (A) was reduced to normal levels in the older transgenic animals while the expression of FLAG (B) was undetectable. Turksen and Troy, 2002; Williams et al., 1998) . To determine whether the observed acceleration of epidermal differentiation altered the timing of the formation of the EPB in the K14 -CaSR transgenic mice, we compared barrier formation using a b-gal assay (Hardman et al., 1998; Turksen and Troy, 2002) on transgenic and wild-type animals from embryonic stages E14.5 through E18.5. Since an intact EPB blocks the penetration of b-gal through the skin, this assay is a reliable means to assess EPB formation. At E14.5, both transgenic and wild-type embryos were positive for b-galactosidase activity indicating that neither sample possessed a functional permeability barrier (not shown). However, at E15.5, b-gal penetrated the skin of wild type animals but not the K14 -CaSR transgenic mice (Fig. 7) thereby suggesting that the EPB in K14 -CaSR is formed 2 days earlier than that of the wild type presumably due to their accelerated program of epidermal differentiation and proliferation. Tsukita et al., 2001; Turksen and Troy, 2002) . This, together with our recent observations on aberrant EPB formation in Inv-Claudin-6 transgenic mice, led us to consider the involvement of Claudins in the accelerated epidermal differentiation program and EPB formation of the K14 -CaSR mice. RT-PCR analysis indicated a significant modulation in Claudin expression (Fig. 8A) as supported by immunolabeling with available antibodies against Claudins-1 and 2 (Fig. 8B) . Claudin-1 was slightly decreased (, 1.5-fold) while Claudin-3 was increased (, 5-fold) in the epidermis of K14 -CaSR compared to wild-type mice. Other Claudins assayed remained unchanged (not shown) and/or unexpressed (i.e. Claudin-2) with the exception of Claudin-6. Notably, the K14 -CaSR transgenic mice do not express epidermal Claudin-6, suggesting it is turned off earlier in development than Fig. 5 . CaSR overexpression results in the acceleration of epidermal differentiation markers. Six-day-old transgenic and wild-type epidermis was processed for immunofluoresence to evaluate various epidermal differentiation markers. K5 expression was not altered in the transgenic epidermis, however K6, abnormally showed staining in the suprabasal layers indicating that the transgenic epidermis is undergoing a state of hyperproliferation as supported by labeling with Histone 3. K1 expression was also increased within the transgenic samples. In addition, there was also an increase in the expression of various markers of terminal differentiation; namely filaggrin, loricrin, involucrin and TG-3. normal; consistent with its known absence in adult mice (Morita et al., 2002; Turksen and Troy, 2002) and the accelerated epidermal differentiation in the K14 -CaSR mice.
CaSR overexpression modulates cross-talking signaling pathways
Our results indicate that both cellular proliferation and differentiation are modified in the epidermis of the K14 -CaSR mice. Proliferation of the basal layer is controlled through the EGF signaling pathway, members of which include TGFa, EGF, b Cellulin, HB-EGF, Amphiregulin and EGF-R. Further, the Wnt signaling pathway has been shown to have a role in the patterning of the developing epidermis as well as in hair follicle formation (Andl et al., 2002; Reddy et al., 2001) . Since one of the emerging concepts is that there is cross-talk between the G-coupled proteins and other signaling pathways (Hall et al., 1999; Pierce et al., 2001; von Bubnoff and Cho, 2001) , including those mentioned above, we next explored whether changes were detectable in these pathways.
Results of RT-PCR analysis (Fig. 9) indicate that with respect to members of the EGF signaling pathway the expression of TGFa was modestly decreased (, 1.3-fold) while EGF remained unchanged. Further, the expression levels of other family members were upregulated: b Cellulin (, 8-fold), HB-EGF (, 2.3-fold), Amphiregulin (, 4.2-fold) and EGF-R (, 3-fold). Although the Wnt pathway is known to be involved in the patterning and differentiation of the epidermis (Andl et al., 2002; Pandur et al., 2002; Reddy et al., 2001 ), it appears that Ca 2þ signaling is involved in a non-canonical Wnt pathway (Kuhl et al., 2000; Saneyoshi et al., 2002) . Consistent with this, Wnt pathway RT-PCR analysis of transgenic and wild-type epidermis showed that most of the classical Wnts (such as Wnts 1, 2 and 4) as well as their downstream components (such as b Catenin and GSK 3B) were not modified.
However, Wnts 5B, 7B, 11, 15, and 16 were significantly upregulated whereas Wnts 2B, 3, 6, 10A were modestly increased in the transgenic epidermis. Amongst Wnt receptors including frizzled and soluble frizzled related proteins (SFRPs), frizzled-3, 5 and 8 as well as SFRP 4 were modulated while the others remained unchanged. Frizzled-3 was markedly upregulated, frizzled-8 was more modestly increased whereas frizzled-5 and SFRP 4 were downregulated in the K14 -CaSR epidermis.
Discussion
Although an important role of Ca 2þ in early embryogenesis and in the mature epidermis has been demonstrated, little is known about the way cells sense Ca 2þ or about Ca 2þ -mediated signaling events during fetal and postnatal development. Identification of the CaSR and its role in various tissues (Brown and MacLeod, 2001 ) led us to assess its function in epidermal differentiation by generating transgenic mice with the overexpression of wild-type CaSR targeted to the basal epidermal layer via the K14 promoter. This allowed us to examine the consequences of CaSR overexpression in the proliferative compartment of the epidermis and to ask whether making these cells hypersensitive to Ca 2þ would alter differentiation. Our observations indicate that overexpression of the CaSR and Ca 2þ signaling in the basal epidermal layer accelerates terminal differentiation. This complements the recently reported findings of Komuves et al. (2002) who found increased proliferation and decreased expression of late markers of differentiation in the epidermis of CaSR 2 /2 mice. In addition, we observed that the Ca 2þ /CaSR pathway may cross-talk to the Wnt/Ca 2þ signaling pathway. The accelerated epidermal differentiation process in the Fig. 7 . CaSR overexpression results in an accelerated EPB formation. b-gal assays were used to assess the development of the EPB of transgenic embryos as compared to their wild-type counterparts in vivo. The premature formation of the EPB at E15.5 prevented the penetration of b-gal through the epidermis resulting in the absence of staining while, as expected, the wild type epidermis permitted penetration resulting in b-galactosidase activity. K14 -CaSR transgenic mice is manifested in the early formation of the EPB and appearance of hair. A primary function of epidermal differentiation is to produce and maintain the EPB, which consists of an impermeable SC composed of rigid CEs. The importance of the EPB to the survival of all terrestrial organisms is paramount as it protects the body and the immune system from temperature fluctuations, dehydration as well as invasion from microbial and chemical agents (Fitzpatrick, 1993) . When EPB formation is dysfunctional, such as observed in premature infants, the consequences are often lethal . Since EPB formation in the developing epidermis is a consequence of epidermal terminal differentiation as the cells traverse the Ca 2þ gradient from low to higher concentrations (Menon et al., 1985) , and since the expression of the CaSR is opposite to the Ca 2þ gradient in the epidermis (Komuves et al., 2002) , it is likely that enhanced CaSR signaling initiates a cascade of changes in the expression and assembly of some of the key players in EPB formation and epidermal differentiation. The upregulation of filaggrin, as shown by immunohistochemical analysis, is consistent with the view that there is an intrinsic modification of the epidermal differentiation pathway in the K14 -CaSR transgenic mice. Given its importance in epidermal terminal differentiation and its contribution to the EPB, the overexpression of filaggrin represents a very important aspect of the results reported here and understanding the enhanced expression may be paramount to understanding the phenotype of the K14 -CaSR transgenic mice. In this regard, Dlx-3 is known to be upregulated as epidermal cells undergo commitment to terminal differentiation in response to Ca 2þ (Morasso et al., 1994) and Dlx-3 is a known regulator of filaggrin (Morasso et al., 1995) , Thus, the upregulation we observe in Dlx-3 in our mice provides a mechanism for the upregulation of filaggrin. In keeping with this, it has been reported that overexpression of Dlx-3 in the basal layer (not its endogenous location) of the transgenic epidermis [K5/XDlx3 mice (Morasso et al., 1996) ] leads to an enhancement of epidermal differentiation within the lower strata of the epidermis, with the suprabasal cells diminished and the SC reduced to a single layer. The modified program of differentiation included the misexpression of filaggrin in the lower strata and the consequential disruption of the overall structure of the epidermis including the formation of the EPB. Therefore, the K5/XDlx3 transgenic mice were not able to survive beyond 2 -3 days apparently due to their perturbed barrier function (Morasso et al., 1996) . Similarly, the program of epidermal differentiation was also perturbed in Inv-Claudin-6 transgenic mice where aberrant filaggrin processing extended downwards into the suprabasal layers, likely contributing to the fragile CEs and dysfunctional EPB observed . The upregulation of filaggrin expression in the K14 -CaSR mice, as a consequence of the activation of the CaSR in the basal layer of the transgenic epidermis, is therefore notable. Filaggrin expression is restricted to its endogenous layers, which are expanded within the transgenic epidermis, lending to the observed acceleration of EPB formation. Comparing and contrasting the K14 -CaSR with the K5/ XDlx3 and Inv-Claudin-6 transgenic mice thus lends further support to a CaSR signaling pathway involving Dlx-3 and filaggrin regulation in epidermal differentiation and EPB development.
It is likely that the CaSR signaling pathway regulates the development of the SC also through the well-coordinated assembly of a series of molecules that are located in the epidermal differentiation locus (EDL). SPRRs and other CE associated genes make up the 2Mb EDL which is involved in CE formation (Marenholz et al., 2001; Marshall et al., 2001; Zhao and Elder, 1997) . Although the EDL has been mapped in the human (Hardas et al., 1996) and mouse (Carver and Stubbs, 1997) genomes, little is known of the regulation of this locus. Of the genes in the EDL, SPRR crosslinkers provide the rigidity and resistance to mechanical stress (Steinert et al., 1998) that is required for a bona fide SC. Hence, the upregulation of late markers including SPRR1A, 2D and 2G almost certainly contributes to the stronger CEs of the SC in our K14 -CaSR transgenic mice. Previously it was shown that SPRR1A is important for EPB formation (Nemes and Steinert, 1999; Song et al., 1999; Steinert, 2000; Turksen and Troy, 2002) and that at least some SPRRs may be regulated through Klf4 (Cabral et al., 2001; Segre et al., 1999; Turksen and Troy, 2002) . Klf4 null mice with weakened CE formation do not possess an EPB leading to a lethal phenotype (Segre et al., 1999) . Therefore the increase in SPRR1A expression in the epidermis of the K14 -CaSR transgenic mice, probably as a consequence of Klf4 upregulation, may help to explain the enhanced EPB development.
How does enhanced CaSR signaling impinge on this pathway? An emerging area is the complexity of GCRP family signaling and its impingement on various other signaling pathways (Hall et al., 1999) . Our data suggest that a number of signaling pathways, including but not restricted to the EGF and Wnt signaling pathways, control the expression of the genes located within the EDL in response to Ca 2þ signaling in the epidermis. Our results are also the first to suggest that cross-talk occurs between the CaSR and the Wnt signaling pathways in the mammalian epidermis and our observation of the upregulation of Wnt 11, but not classical Wnts (such as Wnt 1 and 2) is particularly notable. Members of the Wnt family have been implicated in the development of the epidermis and hair follicles in mice (Fuchs et al., 2001; Millar, 2002) , however, the complexity of the Wnt pathway is also becoming apparent (Kuhl, 2002; Kuhl et al., 2000; Pandur et al., 2002) . The secreted Wnt protein family comprises at least two functional classes, those comprising the canonical Wnt pathway (Wnt/bcatenin pathway) and those comprising non-canonical pathways. The existence and function of the non-canonical pathways is only beginning to emerge. In vertebrates, noncanonical Wnts can activate the Wnt/JNK pathway (Pandur et al., 2002) and a Wnt/Ca 2þ -pathway has been described in Xenopus and zebrafish where it interferes with the canonical Wnt/b-catenin pathway (Pandur et al., 2002) . These latter studies indicate that activation of the Wnt/Ca 2þ pathway activates Ca 2þ /calmodulin-dependent protein kinase II (CaMKII) and protein kinase C (PKC) which blocks the Wnt/b-catenin pathway upstream of b-catenin and phosphorylates Dishevelled (Kuhl et al., 2001) . Our data therefore support the presence of the non-canonical Wnt/ Ca 2þ pathway in the mammalian epidermis and its function in epidermal differentiation upstream of Klf4 and its target genes in the EDL required in CE formation. It is also worth noting that a 17 bp sequence in the Wnt 5A promoter has also recently been identified as a putative common regulatory element in a number of epithelial differentiation associated genes (Morgan, 2002) suggesting that there may be a still as of yet uncovered complex regulatory pathway that exists.
Our data are also consistent with a role for Ca 2þ -induced PKC activation and the EGF-R pathway in the regulation of terminal differentiation and EPB formation in the K14 -CaSR transgenic mice. It has been shown that stored intracellular Ca 2þ is essential for the signaling cascade regulating the formation of TJs (Stuart et al., 1996) and that TJ formation occurs with a concomitant increase in intracellular Ca 2þ levels (Nigam et al., 1992) . In fact, inhibition of intracellular Ca 2þ either through chelation or depletion results in reduced TJ formation (Stuart et al., 1996; Stuart et al., 1994) an effect that can be overcome with the activation of PKC (Balda et al., 1993) . In addition, PKC is involved in the regulation of late markers of terminal differentiation, such as loricrin, profilaggrin, SPRRs, involucrin and transglutaminase (Denning et al., 1995; Lee et al., 1997; Takahashi et al., 1998) as well as the formation of the granular layer of the epidermis Denning et al., 1995; Dlugosz and Yuspa, 1993) where the processing of filaggrin occurs. Therefore PKC activation is essential for the formation of TJs and their contribution to the EPB. Further, it has been shown in vitro that the activation of EGF-R in basal keratinocytes results in the induction of PKC activity (Denning et al., 1996) , suggesting that the signaling pathway regulating TJ formation and epidermal differentiation also includes the activation of EGF-R (Denning et al., 2000) in response to Ca 2þ signaling. In fact, it is evident that there is cross-talk between the EGF-R and PKC in vitro since experimental analysis indicates that Ca 2þ is able to stimulate tyrosine phosphorylation of PKC in EGF-R wild type (þ /þ ) cells but not in EGF-R deficient (2 /2 ) cells (Denning et al., 2000) . Disruption of EGF-R in vivo supports these findings as the resultant mice exhibit compound defects including aberrant hair follicle development, a thin epidermis as well as a reduction in cornified cell layers (Hansen et al., 1997; Sibilia and Wagner, 1995; Threadgill et al., 1995) . Our results suggest that the overexpression of CaSR in the basal layer of the epidermis results in a cascade of events which effectively trigger PKC phosphorylation through the EGF-R in response to increased Ca 2þ levels resulting in enhanced epidermal differentiation and the accelerated formation of the EPB.
In summary, we report a novel mouse model in which the overexpression of the CaSR in the basal layer of the epidermis initiated a cascade of events that resulted in an enhanced epidermal differentiation program leading to the accelerated formation of the EPB. Given the complex interactions between the CaSR and the other pathways implicated in our mice, it is likely that the phenotype observed in the K14 -CaSR transgenic mice is not merely a consequence of the linear sum of each effect but rather a combinatorial effect of the CaSR/Ca 2þ , EGF, and Wnt pathways as well as other yet unidentified signaling pathways capable of mediating the observed phenotype. The animal model described here will be invaluable in delineating new steps involved in EPB formation during development and may prove useful in the generation and testing of various therapies to repair dysfunctional EPB differentiation programs.
Materials and methods
Generation and identification of K14 -CaSR transgenic mice
A FLAG w epitope tag (Sigma-Aldrich, Oakville, Canada) was ligated upstream to rat CaSR sequences (Ruat et al., 1995) creating the FLAG -CaSR construct. Flanking BamHI restriction sites were introduced to the construct thereby permitting the ligation of the FLAGCaSR into the unique BamHI site of the human K14 vector (kindly provided by Dr Elaine Fuchs, Rockefeller University) (Saitou et al., 1995; Vassar et al., 1989) . The KpnI/HindIII fragment of the recombinant plasmid containing the K14-FLAG-CaSR sequences was purified using the QIAamp tissue kit (Qiagen, Mississauga, Canada) according to the manufacturer's instructions. Transgenic mice were generated using eggs collected from superovulated FVB female mice (Jackson Laboratory, Bar Harbor, ME) at the Transgenic Mouse Facility of the Ottawa Health Research Institute as previously described (Hogan et al., 1996; Turksen et al., 1992b; Turksen and Troy, 2002) . Transgenic animals were screened by RT-PCR analysis using RNA from tail clippings with primers recognizing FLAG and CaSR specific oligonucleotides (Table 1) .
RNA isolation and RT-PCR
Freshly extracted tissues were immediately frozen in liquid nitrogen and homogenised in TRIzol w reagent according to the manufacturer's instructions (Life Technologies, Burlington, Canada). The isolated RNA was treated with RNase free DNaseI (Life Technologies) and the first strand cDNAs were synthesised. PCR was then performed (Hogan et al., 1996; Troy and Turksen, 2002; Turksen and Troy, 2002 ) using specific primers (Table 1) . Products were separated on ethidium bromide containing agarose gels and relative band intensity was quantified using Bio-Rad Molecular Analyst software Version 1.2 (Bio-Rad Laboratories, Hercules, CA). As a convention, all RT-PCR results presented show the transgenic (T) result in the left lane and the wild type (WT) in the right lane.
Immunohistochemistry
Transgenic and wild type backskin samples were either frozen immediately in HistoPrepe frozen tissue embedding media (Fisher, Ottawa, Canada) using isopentane and processed for frozen sections (Turksen et al., 1992a,b) or fixed in Bouin's solution (75% saturated picric acid, 20% formaldehyde and 5% glacial acetic acid) and processed for paraffin sectioning as previously described (Turksen et al., 1992b; Turksen and Troy, 2002) . One of each sample was stained with Hematoxylin/Phloxine/Safranin (HPS) and the others were processed for immunofluoresence as described (Turksen et al., 1992a; Turksen and Troy, 2002) . The following antibodies were used: FLAG (M2 monoclonal, 1:440; Sigma-Aldrich), K5 (1:100; a gift from Dr Elaine Fuchs), K15 (1:100) (Troy and Turksen, 1999) , K17 (1:500) and K6 (1:200) (gifts from Dr Pierre Coulombe), Histone 3 (1:200; Upstate Biotechnology, Lake Placid, NY), K1 (1:100) , filaggrin (1:100; Babco, Richmond, CA), loricrin (1:100) , involucrin (1:100; Babco), transglutaminase-3 (1:100; a gift from Dr Len Milstone), Claudin-1 (1:100; Zymed Laboratories, San Francisco, CA) and Claudin-2 (1:100; Zymed Laboratories). Secondary antibodies against rabbit and mouse (Jackson ImmunoResearch Laboratories Inc., West Grove, PA) were used at a 1:50 dilution. Images were captured with a Zeiss fluorescence microscope (Carl Zeiss, Mississauga, Canada) equipped with a Zeiss digital AxioCam camera using Axio Vision 2.05 software. Acquired images were processed with Adobe Photoshop version 5.5 (Adobe Systems Inc., San Jose, CA).
X-gal skin permeability assay
To assay for the EPB, freshly isolated, unfixed embryos extracted from females 14.5 days post coitum (dpc) to 18.5 dpc (E14.5 -E18.5) were rinsed in PBS then immersed in 5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside (Xgal) reaction mix at pH4.5 (100 mM NaPO 4 , 1.3 mM MgCl 2 , 3 mM K 3 Fe(CN) 6 , 3 mM K 4 Fe(CN) 6 and 1 mg/ml X-Gal) and incubated at room temperature overnight with gentle agitation as described (Hardman et al., 1998; Turksen and Troy, 2002) . After 24 h, embryos were fixed with cold formalin solution and photographed using a Nikon COOL-PIX950 digital camera (Nikon, Mississauga, Canada). Images were processed with Adobe Photoshop version 5.5 (Adobe Systems Inc.).
